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Changes in the structure of Ti5Si3 were measured by x-ray and neutron diffraction as
carbon, nitrogen, or oxygen atoms were systematically incorporated into the lattice.
Additionally, the lattice parameters and variable atomic positions of pure Ti5Si3 were
determined to bea 4 7.460 Å,c 4 5.152 Å,xTi 4 0.2509, andxSi 4 0.6072. The
measured trends in lattice parameters as carbon, nitrogen, or oxygen atoms were added
to Ti5Si3 showed that most of the previous studies on supposedly pure Ti5Si3 were
actually contaminated by these pervasive light elements. Also, oxygen and carbon
additions were shown to strongly draw in the surrounding titanium atoms—evidence
for bonding between these atoms. The bonding changes that occurred on addition of
carbon, nitrogen, or oxygen acted to decrease the measured anisotropic properties of
Ti5Si3, such as thermal expansion.

I. INTRODUCTION

Published values of the lattice, thermodynamic quan-
tities, and thermal properties of Ti5Si3 from 1985 to pres-
ent show considerable scatter. For example, published
lattice parameters vary by 0.5%,1–6 thermal expansion
coefficients by 90%,4–8 and enthalpy of formation by
15%,2,9,10all of which are significant variations. Without
question, a primary reason for this scatter in properties is
the presence of interstitial impurities. Two recent studies
by Radhakrishnanet al.11 and Thom and Akinc12 high-
light the improbability of synthesizing and consolidating
Ti5Si3 without interstitial contamination of carbon, nitro-
gen, and oxygen. Particularly, studies that use metal
powder as a starting material are highly likely to result in
oxygen impurity of at least one to two weight percent.
Not only titanium powder, but yttrium, zirconium, and
other early transition metal powders that have a high
affinity for carbon, nitrogen, and oxygen are expected to
yield silicides with a significant impurity content after
synthesis and processing. Furthermore, studies on Ti5Si3
with carbon, nitrogen, or oxygen intentionally added
show a very dramatic effect on crystal and thermal prop-
erties, an effect that does account for some of the scatter
in the literature data. For example, Thomet al.5 have
shown a reduction in thermal expansion anisotropy by
20% when carbon is intentionally added to Ti5Si3.

In conjunction with contaminated starting materials,
an additional reason for the difficulty in synthesizing
Ti5Si3 without impurities is the presence of large, unoc-

cupied interstices in the lattice. Figure 1(a) shows a
(001) orthographic projection of the hexagonal Ti5Si3
lattice, which has Mn5Si3 as its prototype structure
(space group4 P63/mcm). The occupied atomic sites for
pure Ti5Si3 are Ti at 4d sites at (1⁄3, 2⁄3, 0), Ti at 6g sites
at (xTi, 0, 1⁄4), wherexTi ≈ 0.25, and Si at 6g sites at (xSi,
0, 1⁄4), wherexSi ≈ 0.61. Impurity atoms of carbon, ni-
trogen, and oxygen would occupy interstices located at
(0, 0, 0) 2b sites, herein described as Z sites. As seen in
Fig. 1(b), these interstices and the surrounding Ti6g at-
oms form trigonal antiprisms along thec axis. This may
be alternatively described as a chain of (trigonally dis-
torted) face-shared octahedra formed by Ti6g atoms along
thec axis with a Z site at the center of each octahedron.
The Si atoms form a chain of distorted face-shared tri-
gonal antiprisms also parallel to thec axis such that one
Ti4d site is at the center of each antiprism. This leads
to a stacking sequence along thec axis of ABAC where
A planes consist solely of Z and Ti4d sites. The B and
C planes contain the Ti6g and Si sites such that atoms
on B planes are rotated 180° with respect to atoms on C
planes.

The primary goal of this study is to measure changes
in lattice parameters and atomic positions by x-ray and
neutron diffraction when carbon, nitrogen, or oxygen is
intentionally added to Ti5Si3. Because purity is of utmost
concern, samples were synthesized via arc melting of
bulk pieces, not powders. Knowledge of lattice changes
as a function of interstitial content can be used to esti-
mate the compositions of previous studies that reported
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the lattice parameters of supposedly pure Ti5Si3. This
will aid in deconvoluting the inherent properties of Ti5Si3
from those of Ti5Si3 contaminated with carbon, nitrogen,
and oxygen. Additionally, changes in bonding may be
inferred from the measured structural changes on addi-
tion of interstitial atoms to aid in explaining the effects of
interstitial content on the thermal and electronic proper-
ties of Ti5Si3.

Three systematic studies currently exist on the effects
of interstitial content on the structure of Ti5Si3. One by
Kajitani et al.1 has shown that interstitial hydrogen tends
to contract thea axis and expand thec axis. Another
study, by Thom and Akinc,12 has shown that interstitial
nitrogen and oxygen tend to contract both thea axis and
c axis. The measured trend in lattice as a function of
nitrogen enabled Thom and Akinc12 to estimate the level
of nitrogen impurity in a sample synthesized by Quak-
ernaat and Visser13 based on Quakernaat’s reported lat-
tice parameters. The third study by Thomet al.14

measured the lattice changes by single-crystal and pow-

der x-ray diffraction of Ti5Si3ZX for Z 4 boron, carbon,
nitrogen, or oxygen. Whereas the effects of nitrogen and
oxygen were identical to the previous study, boron and
carbon tended to expand the lattice, probably because of
their larger size. All interstitial additions tended to pull in
the surrounding titanium atoms, which indicates a sig-
nificant change in bonding. This bonding change could
aid in explaining an interstitial atom’s effect on the ther-
mal and electric properties.

Unlike previous studies, this study includes structural
refinements at several levels of interstitial content for
each interstitial atom so that trends may be clearly dis-
cerned. Also, a strong effort was made to improve the
sampling statistics and measurement accuracy over those
of previous studies.

II. EXPERIMENTAL PROCEDURE

All materials in this study were synthesized via arc
melting. Arc melting was performed in an ultrahigh-
purity argon atmosphere on a water-chilled copper
hearth. Samples, which weighed approximately 10 g
each, were melted at least three times via a nonconsum-
able tungsten electrode. This procedure led to weight
losses of less than 0.5 wt% in most samples. The likely
reasons for weight loss were due to use of starting ma-
terials with high rates of disassociation (TiO2 and TiN) at
arc-melting temperatures and spalling of brittle materials
(Ti5Si3, Si, TiO2, and TiN) during arc melting.

The starting materials included sponge titanium
(Timet, Henderson, NV, 99.7 wt%), silicon pieces (Alfa
Æsar, Ward Hill, MA, 99.9999 wt%), spectrographic-
grade graphite electrodes for carbon, titanium nitride for
nitrogen (Johnson Matthey, Ward Hill, MA, 99.8 wt%),
and titanium dioxide for oxygen (Fisher Scientific,
Pittsburgh, PA, 99.8 wt%). The sponge titanium was pre-
melted two times to volatilize surface contamination be-
fore being used in synthesis of Ti5Si3ZX. Also, the
titanium nitride and oxide, which were purchased as
powders, were pressed into pellets and partially sintered
before using. This practice reduces material loss because
the force exerted by an electric arc easily blows around
powders. X-ray diffraction (XRD) and metallography on
the starting materials have confirmed that they were
single phase. Additionally, lattice parameter measure-
ments for TiN and TiO2 have shown them to be on stoi-
chiometry, and lattice parameters for the titanium metal
indicate a negligible interstitial content.

Changes in lattice parameters of Ti5Si3 on addition of
carbon, nitrogen, or oxygen were measured by XRD
(Model X1 with solid-state detector, Scintag, Sunnydale,
CA). Samples were of arc-melted material ground to
<20mm in an agate mortar with 10 wt% silicon (SRM
640b, National Institute of Standards and Technology,
Gaithersburg, MD) added as an internal standard. Dif-

FIG. 1. (a) (001) Orthographic projection of the Ti5Si3Z crystal struc-
ture. The Ti6g octahedra and Si antiprisms are outlined at top left and
bottom left, respectively. Both the Ti6g and Si atoms occupy variable
positions along the <100> direction,xTi and xSi. (b) Portion of the
Ti5Si3ZX crystal structure, illustrating how the antiprisms, which are
higlighted in (a), are stacked along thec axis. Also note the ABAC
stacking sequence along thec axis.
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fraction scans were run on 0.15 g samples from a 2u of
10° to 130° at a step size of 0.03° and counting time of
3 s. The x-ray source was copper Ka; the source and
detector slits were 2 to 4 mm and 0.5 to 0.3 mm, respec-
tively. Lattice parameters, atomic positions, thermal pa-
rameters, and preferred orientations were refined using
Rietveld software (GSAS, Los Alamos National Labora-
tory, Los Alamos, NM, 1985). Generally, the standard
error of measurement was less than 0.0001 Å for lattice
parameters and less than 0.001 Å for atomic positions.
The weighted residuals,wRp, were 0.10 to 0.15 for
samples with interstitial carbon or oxygen and 0.15 to
0.20 for samples with interstitial nitrogen. The weighted
residual function is defined as a sum over the entire
diffraction pattern:

wRp = @( w~Io − Ic!
2#/@( wIo

2# , (1)

where Io is the observed intensity,Ic the calculated in-
tensity, and the weights,w, are assumed to be uncorre-
lated. On average, Ti5Si3NX compositions yielded
measurably broader diffraction lines than other samples.
Specifically, samples with nitrogen were on average 20%
broader than the silicon standard (lines from samples
with carbon and oxygen were similar in width to those of
the silicon standard). This broadening suggests a slight
heterogeneity and/or a higher defect concentration.

Using the Missouri University Research Reactor
(MURR), the atomic positions and site occupancies of
Ti5Si3CX, (X 4 0.15, 0.25, and 0.5; nominally) and of
Ti5Si3OY (Y 4 0, 0.15, 0.25, 0.35, and 0.5; nominally)
were determined from neutron diffraction. Scans were
run from 10° to 110° with a source wavelength of
1.765 Å for samples with interstitial carbon and of
1.486 Å for samples with interstitial oxygen. Wavelength
was selected by a curved monochromator, and a position-
sensitive detector recorded intensities. Diffraction spec-
tra were analyzed using the same Rietveld software as
mentioned above. ThewRp was less than 0.06 for all
refined neutron spectra, and the standard error for atomic
position measurements was less than 0.0003 Å. The tita-
nium positions,xTi, refined from neutron diffraction
spectra were within 0.5% of those refined from x-ray
spectra. However, unlike thexTi positions, the correlation
between thexSi positions obtained from neutron and
XRD spectra was poor. This difference may be attributed
to a smaller x-ray cross section for silicon atoms relative
to titanium atoms. For this reason, thexSi positions ob-
tained from XRD spectra were not used in atomic sepa-
ration calculations.

Oxygen and nitrogen content were measured on a TC-
436 analyzer (Leco, St. Joseph, MO); carbon content was
measured on a Model EMIA-520 analyzer (Horiba, To-
kyo, Japan). The accuracy of these instruments, based on
calibration standards, are reported to be ±2% relative for

carbon, ±4% for oxygen, and ±10% for nitrogen.
Samples were submillimeter-size granules weighing 0.2
to 0.5 g, total. The total carbon, nitrogen, and oxygen
impurities for all samples, as measured by these tech-
niques, were less than 0.02 formula units. However,
samples with oxygen or nitrogen intentional-
ly added showed less nitrogen and oxygen than the nomi-
nal starting composition (up to 20 wt% less for samples
with a nominal interstitial content greater than 0.5
formula units). This validates the statement that some of
the measured weight loss during arc melting was due to
the volatilization of oxygen or nitrogen. In contrast, the
measured carbon content of samples with carbon in-
tentionally added was within 6 wt% of the nominal
composition.

The carbon and oxygen content, as measured by
chemical analysis, were within 5 wt% of the site occu-
pancy refinements obtained from the neutron diffraction
spectra, a difference that is similar to the expected accu-
racy of both measurement techniques. The fact that
chemical analysis and neutron diffraction yielded identi-
cal results (within measurement accuracy) provides di-
rect evidence that the vast majority of the carbon and
oxygen (and nitrogen) in the arc-melted ingots are lo-
cated in the interstices at (0, 0, 0) in Ti5Si3ZX as was
anticipated.

III. RESULTS AND DISCUSSION

A. X-ray spectra

Figure 2 gives the experimental and calculated x-ray
spectra of Ti5Si3O0.019and Ti5Si3C0.47. Most x-ray spec-
tra confirmed that samples were single phase and well
crystallized. Samples that were not single phase included
Ti5Si3.12, Ti5Si3C1.0, and Ti5Si3O1.0, which were inten-
tionally synthesized in two-phase regions. Note the dif-
ference in (100) peak intensity relative to the (110) peak
intensity for the two spectra as illustrated in Fig. 2. The
ratio of the (100) to (110) integrated peak intensity as a
function of interstitial content is plotted in Fig. 3. Inte-
grated intensities were determined by fitting both diffrac-
tion lines to a Pearson VII profile. As a first-order
approximation, the interstitial content of Ti5Si3 can be
estimated by using the integrated intensity ratio of the
(100) and (110) peaks and comparing to Fig. 3. However,
longer counting times are required to accurately estimate
interstitial content below approximately 0.1 and above
0.5 formula units. At these levels of interstitial content,
one of the two peaks was generally too small to accu-
rately estimate the intensity.

Plotted in Fig. 3 are also the calculated integrated in-
tensity trends for Ti5Si3 with carbon or oxygen incorpo-
rations. These trends were calculated by

I100/I110 =
@S ? Lp

100 ? M100 ? ?F100?2#/@Lp
110 ? ?F110?2# . (2)
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Lp is the Lorentz-polarization term,M is the line mul-
tiplicity (equal to 6 for both lines), |F|2 is the square of
the structure factor, andS is a scaling factor equal to
approximately 0.5. The need for a scaling factor is most
likely due to neglecting an absorption coefficient, or less
likely, due to preferred orientation. Thus, this scaling

factor will be different for different types of diffractom-
eters. As such, one would need one sample of known
composition to adjust the trend in Fig. 3 for a different
diffractometer. Although the explicit expressions for the
calculated trends are quite unwieldy, by ignoring the
anomalous dispersion correction to the scattering factors,
good approximation is obtained:

I100

I110 =

S@AZ
100X + 2ATi

100cos~2pxTi! +
ASi

100~2cos~2pxSi! + 1!#2

@AZ
110X + ATi

110~cos~2pxTi! + cos~4pxTi! + 2
+ ASi

110~cos~2pxSi! + cos~4pxSi!!#
2 , (3)

Aatom
hkl = 2fatom

hkl ? Tatom
hkl ? ~Lp

hkl!1/2 . (4)

Regarding Eqs. (3) and (4),X is the interstitial content,
f hkl

atom is the atomic scattering factor, andT hkl
atom is the

thermal parameter for a particular atom and for a given
diffraction line. The scattering factors, thermal param-
eters, and Lorentz-polarization term are actually func-
tions of X because incorporation of interstitial atoms
changes the lattice and hence, slightly shifts a given dif-
fraction line. However, for the refinement calculations,
this X-dependence is quite negligible. However, the
atomic positionsxTi andxSi, which are also (linear) func-
tions of X (see Fig. 5), must be treated as such to more
accurately model the integrated intensity ratio.

B. Lattice parameters and atomic positions

Figure 4 gives the changes in lattice parameters of
Ti5Si3 as a function of interstitial content. The horizontal
error bars represent the accuracy of measuring the car-
bon, nitrogen, and oxygen content (see Sec. II). The ver-
tical error bars represent 3s, where s is the average
standard deviation of three replicate measurements of
five different compositions. Along each ordinate is a bar
that marks the range of lattice values reported in the
literature for supposedly pure Ti5Si3. Based on this fig-
ure, the scatter in reported lattice parameters can be ex-
plained by combinations of interstitial carbon, nitrogen,
and oxygen, as well as excess silicon. The large expan-
sion of the lattice due to the addition of excess silicon
suggests that excess silicon also occupies the interstitial
position. Also, note that the trends in lattice parameters
as a function of carbon, oxygen, and nitrogen all con-
verge to a similar value when extrapolated to zero inter-
stitial content. The lattice parameters for pure Ti5Si3, as
listed in Table I, were determined by extrapolating the
oxygen trends to the zero interstitial level. Similarly,xTi

and xSi for pure Ti5Si3 were calculated by extrapolat-
ing the atomic position data shown in Fig. 5. These val-
ues are in good agreement with those found by Kajitani
et al.1 Additionally, most trends show a relative extre-
mum near the 0.5 interstitial level, which corresponds to
the point at which the interstices become more than half

FIG. 2. XRD spectra of (a) Ti5Si3O0.019and (b) Ti5Si3C0.47. From top
to bottom of each plot are diffraction spectrum, silicon peak markers,
Ti5Si3 peak markers, and difference plot. The difference plot is the
difference between the observed spectra and the calculated spectra
using Rietveld refinement.

FIG. 3. Measured integrated intensity ratio of (100) peak divided by
(110) peak. Solid curves represent theoretical integrated intensity ra-
tios based on carbon or oxygen additions.
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filled. The reason for the extrema may be due to close
Z–Z separations, which will be discussed in Sec. III. C.

Although not shown, excess titanium actually causes a
relatively negligible contraction of the lattice. This would
indicate that, unlike excess silicon, excess titanium is not
incorporated into the Z site at (0, 0, 0). However, this
result should be regarded with caution because samples
with excess silicon and titanium almost certainly require
thermal annealing after arc melting to achieve an equi-
librium state. The reason is that unlike the other samples
which solidified congruently, samples with excess silicon
and titanium were in a two-phase region during solidifi-
cation; and as such, these samples most likely had a

significant chemical heterogeneity. Evidence for this was
manifested as broader diffraction lines than the single-
phase compositions.

Also plotted in Fig. 4 are the powder XRD data of
Thom et al.14 The much larger vertical error bars from
Thom et al.14 are due to samples that are more hetero-
geneous and/or a lack of an internal standard during
XRD. Regardless of these imprecisions, the trends in
lattice parameters between studies are similar.

C. Atomic separations

Nearest-neighbor separations in Ti5Si3 calculated from
the extrapolated structural parameters are listed in
Table II and are illustrated in Fig. 1. Based on first-
principle calculations, bonding in Ti5Si3 primarily con-
sists of d(Ti)–p(Si) covalent bonding below the Fermi
level andd(Ti)–d(Ti) interaction at and around the Fermi
level.15 The crystal structure and atomic separations sug-
gest that most of thed(Ti)–p(Si) bonding falls in the B
and C planes and most of thed(Ti)–d(Ti) interaction
parallel to thec axis. For example, three of the five
nearest silicon atoms to Ti6g (Ti6g–Si II and Ti6g–Si III)
lie in the (001) plane; the others (Ti6g–Si I) lie approxi-
mately 68° above/below this plane but are 5% to 7%
farther away. In addition, the six silicon atoms surround-
ing Ti4d lie only 29° above/below the (001) plane and
thus have a significantly larger bonding component in the
(001) plane. In the case ofd(Ti)–d(Ti) interaction, all of
the Ti nearest neighbors to Ti4d lie along thec axis, and

TABLE I. Extrapolated lattice data for Ti5Si3.

a, Å c, Å xTi xSi

This Studya 7.460 ± 0.002 5.152 ± 0.002 0.2509 ± 0.0005 0.6072 ± 0.0005
Kajitani et al.1 7.4610 (3) 5.1508 (1) 0.2473 (9) 0.6063 (9)

aErrors for this study represent 90% confidence intervals.

FIG. 4. Changes in the (a)a-lattice parameter or (b)c-lattice param-
eter as a function of formula units (f.u.) of interstitial atoms. The open
symbols represent data taken from Thomet al.14 The bars along the
ordinate represent literature values for reportedly pure Ti5Si3. Values
extrapolated back to zero were attributed to truly pure Ti5Si3.

FIG. 5. Atomic positions,xTi andxSi, as a function of formula units
(f.u.) of carbon or oxygen. Values extrapolated back to zero were
attributed to pure Ti5Si3.
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four of the six Ti nearest neighbors to Ti6g lie 54° above/
below the (001) plane. Also note that the Ti6g atomic
separations are over 23% longer than the Ti4d separations;
therefore, the Ti6g atomic interactions are expected to be
much weaker. This picture of weak metallic bonding in
the 〈001〉 direction and strong covalent bonding in the
〈100〉 direction is corroborated by other experimental evi-
dence: Both the electrical conductivity and thermal ex-
pansion are roughly twice as large along the〈001〉
direction than along the〈100〉 direction.7

The change in atomic separations as carbon or oxygen
is added to Ti5Si3 is illustrated in Fig. 6. As seen in
Fig. 6, the changes due to carbon and oxygen are in gen-
eral very similar. The most dramatic effects are the de-
crease of the Ti6g–Ti6g and Ti6g–Z separations and
increase of the Ti6g–Si separations as interstitial content
increases. These effects are a direct result of increased
bonding between the Ti6g and interstitial Z atoms and a
possible reduction in bonding between the Ti6g and Si
atoms. Based on these bonding changes, one might ex-
pect a reduction of covalent bonding in the〈100〉 direc-
tion and an increase of covalent/ionic bonding in the
〈001〉 direction. This is in full agreement with Thom
et al.5 who showed an increase in the thermal expansion
along the〈100〉 direction and a decrease along the〈001〉
direction as carbon is added to Ti5Si3.

Further insight into the bonding may be inferred by
comparing atomic separations in Ti5Si3ZX to other com-
pounds. One comparison, as mentioned by Ekman and
Ozolins,15 is that the Ti4d–Ti4d separation in Ti5Si3ZX is
approximately 10% shorter than in titanium metal. This
close separation is probably a result of significant elec-
tronic mixing with the six surrounding silicon atoms and
a consequent reduction in orbital mixing between the two
surrounding titanium atoms. In fact, the Ti4d–Si separa-
tions in Ti5Si3ZX are only 1% to 2% longer than the
shortest Ti–Si separation seen in TiSi2—a compound
with very strong Ti–Si covalent mixing. However, direct
d(Ti4d)–d(Ti4d) interaction must also exist according to
densities of state calculations. Based on electron defor-
mation maps, Ekman and Ozolins15,16suggested that the
electronic mixing between Ti and Si atoms is best de-
scribed by complex multicentered bonds and not by
simple two-atom covalent bonds.

Another useful comparison is made between Ti5Si3ZX

and TiZ for Z 4 carbon or oxygen. Both TiC and TiO
form in the NaCl crystal structure; thus, the carbon and
oxygen atoms are surrounded by six titanium atoms simi-
lar to the octahedral coordination found in Ti5Si3ZX.

However, the Ti–O separation in Ti5Si3OX is 6 to 8%
longer than in TiO, and the Ti–C separation in Ti5Si3CX

is 2% to 4% longer than in TiC. Additionally, whereas
the coordinate octahedra in Ti5Si3ZX are face shared, the
octahedra in TiZ are edge shared. The face-shared octa-
hedra in Ti5Si3ZX result in significantly closer Z–Z sepa-
rations than those in TiZ. Whereas Ti–Z bonding leads to
lattice contraction below 0.5 formula units of Z, the short
Z–Z separations may be the cause of subsequent lattice
expansion as more than 0.5 formula units of Z atoms
are added.

IV. CONCLUSIONS

Much of the research on the properties of Ti5Si3 is
marred by the presence of uncontrolled impurities of car-
bon, nitrogen, and oxygen. This is readily seen by com-
parison of reported lattice parameters to the measured

TABLE II. Calculated atomic separations for Ti5Si3 in angstroms.

Ti6g–Si I Ti6g–Si II Ti6g–Si III Ti6g–Ti6g I Ti6g–Ti6g II Si–Si Ti4d–Si Ti6g–Z Ti4d–Ti4d

2.785 2.658 2.570 3.184 3.242 3.032 2.634 2.272 2.576

FIG. 6. Difference in atomic separations relative to atomic separations
in Ti5Si3 for (a) Ti5Si3CX or (b) Ti5Si3OX. The zero level (Ti5Si3) is
based on extrapolated values listed in Table I. The values in paren-
theses are slopes of least-squares fitted lines in units of angstroms/
formula units.
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trends in lattice parameters as carbon, nitrogen, or oxy-
gen is intentionally added to Ti5Si3. The amount of in-
terstitial contamination can be quickly estimated by
measuring the integrated intensity ratio of the (100) and
(110) diffraction peaks. Additionally, the highly aniso-
tropic thermal expansion of Ti5Si3 is a direct result of
strong covalent bonding in the (001) planes and metal-
lic bonding along the〈001〉 direction. However, addi-
tions of interstitial atoms change the bonding such as to
reduce this anisotropy. These changes in bonding were
seen in the effect interstitial atoms have on atomic
separations. The most significant changes include the re-
duction of Ti6g–Ti6g and Ti6g–Z distances and the ex-
pansion of Ti6g–Si distances. This suggests a relative
increase of covalent/ionic bonding along the〈001〉 direc-
tion and a relative reduction of covalent bonding in the
(001) planes.
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